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Abstract
Four Verticillium dahliae isolates (V76, TS-2, PH, and
V44) were used in screening four cotton cultivars
(Pima S-7, Acala Prema, M-315 and Acala 44). Pima
S-7 and Acala Prema gave the highest resistance reac-
tions and Acala 44 was the most susceptible. Isolate
V76 of V. dahliae was the most virulent. An interspe-
cific cross between the resistant cv Pima S-7 (Gossy-
pium barbadense) and the susceptible cv. Acala 44
(G. hirsutum) was made and the F2 population pheno-
typed for Verticillium wilt effect. Phenotyping of plant
reaction to the disease was quantified by using a set
of six growth parameters (number of healthy leaves,
number of nodes, leaf weight, stem weight, leaf to
stem ratio, and total shoot weight) measured 3 weeks
after inoculation. The F2 phenotypic distribution of
these parameters suggests that distribution is towards
resistance and polygenic. Transgressive segregation
also was observed. The number of healthy leaves and
total shoot weight were found to be the best indica-
tors of resistance. Results obtained in this study will
be useful to quantify resistance to V. dahliae and
identify the best parameters to phenotype in genetic
studies.

Introduction
One of the major constraints affecting yield and
quality of cotton is disease. Verticillium wilt incited
by the soil inhabiting fungus Verticillium dahliae
Kleb., is found in many regions of the world where
cotton is produced, and it can cause substantial yield
losses. Verticillium wilt was first reported in 1914 in
Virginia (Carpenter, 1914), and first recognized as an
economically important disease of cotton in 1927 in
Tennessee (Sherbakoff, 1928). It has been recognized
as one of the major diseases of cotton in many cot-
ton-producing countries: Australia, Brazil, Bulgaria,
China, Greece, Peru, Turkey, Uganda, USA and

Uzbekistan (Adair, 1996). Yield losses in the USA
have ranged from 0.75 to 2.78% during the past
20 years (National Cotton Council, 1980–1999), and
losses in other parts of the world have been as high
as 30% (Bell, 1992). The report of the Cotton Dis-
ease Loss Committee for the 2003 crop indicated
that losses across the cotton belt averaged 0.42%
(ranging from no loss to as high as 4.0% in differ-
ent states) with an estimated yield loss of 71 687
bales (Blasingame and Patel, 2004).

Vegetative compatibility (V-C) tests and isozyme
analyses have been used to show that there are four
genetically isolated populations within V. dahliae, and
that each V-C group has at least two subgroups (Bell,
1994). Isolates which fall into VCG 1 are known
as defoliating whereas isolates VCG 2 are non-
defoliating.

The severity of Verticillium wilt depends upon the
inoculum density, virulence of the pathogen, the culti-
var (genetic constitution, age and physiological condi-
tion), temperature, soil conditions (pH, moisture and
nutrient availability) and biological antagonists (Bell,
1993). An integrated management system is necessary
to minimize losses from the disease (El-Zik, 1985).
Genetic resistance can be selected within adapted desir-
able cultivars with a suitable breeding programme.
Modern Upland cultivars, such as Acala Maxxa, Acala
Prema, Acala Royale, as well as Gossypium barbadense
and Pima cultivars, are highly tolerant to wilt, while
Deltapine 20, Deltapine 51, Deltapine 5690, Stoneville
495, Hyperformer HS-23 and Paymester HS-26
(G. hirsutum) have moderate tolerance and effectively
control disease in areas where inoculum density is
moderate (Bell, 1999).

Specific objectives were to determine levels of resist-
ance and susceptibility in four cotton cultivars and
virulence of four V. dahliae isolates, and the best plant
parameters to indicate resistance.
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Materials and Methods
Parental selection

Cotton genotypes and pathogen isolates Four cotton
cultivars Pima S-7 (G. barbadense), Acala 44, M-315
and Acala Prema (G. hirsutum); and four V. dahliae
isolates V76 (VCG-1), PH, TS-2 and V44 (VCG-2)
were selected for this study. The experiment was con-
ducted in an environmentally controlled growth cham-
ber. Thirty-six plants per cultivar and nine plants per
isolate were inoculated in a randomized factorial
design to identify resistant and susceptible cultivars
and their reaction to the four isolates of V. dahliae.

Inoculation and phenotyping Acid-delinted seeds of
each cultivar were germinated in paper rolls moistened
with tap water at 30�C for 24-h and then transferred
to 16 ounce plastic cups having three holes on the bot-
tom for drainage and filled with potting soil and
grown in the greenhouse. After expansion of 5–6 true
leaves, the plants were moved to an environmental
growth chamber with a 12-h lighted day temperature
of 27�C and dark night temperature of 22�C. This is
the optimum temperature for virulence expression for
all isolates tested (A. A. Bell, personal communica-
tion). Plants were allowed to equilibrate for at least
1 week at these conditions before inoculation.

Verticillium dahliae isolates were grown on potato
dextrose agar plates at room temperature (23�C). For
inoculum preparation, a conidial suspension was
spread on plates that were incubated at 25�C for
3–4 days, and then conidia were collected, washed
with sterile water, and diluted to a concentration of
2–5 · 107 cells/ml and used for inoculation.

Plants were stem inoculated immediately below the
cotyledonary nodes at two sites with the stem puncture
technique using syringe and needle (Bugbee and
Presley, 1967). Three weeks after inoculation, data was
collected and disease reactions were scored as des-
cribed by Devey and Rosielle (1986), and Hillocks
(1990). The number of healthy leaves is the number of
leaves larger than 2 cm in diameter from the sides that
are fully green or have remained attached to the main
stem of the plant and they are not malformed or wil-
ted. The petiol was not included in the leaf measure-
ment. The number of nodes per plant was counted
from the cotyledonary node to the top of the plant.
Leaves taken off from both the main stem and secon-
dary branches with their petioles attached were used to
determine leaf weight. Stem weight was measured by
weighing the stem that was cut at the cotyledon node
and stripped of leaves and fruits. After these measure-
ments, leaf–stem ratio and total shoot weight were cal-
culated from leaf weight and stem weight.

Data analysis Data collected for the six previously
mentioned traits to indicate resistance and susceptibil-
ity from disease screening were analysed statistically
using analysis of variance (comparing the four cotton
cultivars and the four V. dahliae isolates over the test)

in order to calculate F-values and correlation coeffi-
cients (SAS Institute, 1994). LSD was performed to
separate mean values.

F2 population analysis

Mating and field plot design In order to maximize
phenotypic expression and molecular polymorphism
with respect to Verticillium wilt resistance/susceptibil-
ity, an interspecific cross was made between chosen
parents: Pima S-7 (G. barbadense) and Acala 44
(G. hirsutum). The F1 progeny was grown in the green-
house to produce F2 seed and in environmental growth
chambers to assay for disease resistance. An F2 popu-
lation consisting of 110 individuals was used for the
genomic study. The F2 plants were derived from a
single self-pollinated F1 individual (single seed descent)
obtained from the interspecific cross of the chosen par-
ental plants that were pure breeding for reaction to
Verticillium wilt.

Inoculation and phenotyping The most virulent defoli-
ating isolate, V. dahliae (V76), was used to inoculate
the parents and the 110 individual F2 plants. The same
procedures were followed as in parental selection to
screen the effects of disease on the F2 population.

Data analysis Frequency distribution histograms with
parental mean values, correlations, chi-square tests
and broad sense heritability estimates were derived to
determine inheritance patterns and gene action.
Broad-sense heritability was estimated according to

the equation H2 ¼ VarG/VarP, where VarP is pheno-
typic variance in F2.

Results and Discussion
Parental selection

Analysis of variance for traits associated with resist-
ance to Verticillium wilt of cotton showed significant
differences exist among cotton cultivars and V. dahliae
isolates (Table 1). Number of healthy leaves, leaf
weight and leaf–stem ratio also had significant culti-
var · isolate interaction (Table 1a,b,e). No significant
replication effect was detected. Number of nodes and
stem weight showed no significant difference among
pathogen isolates (Table 1b,d).
The LSD tests comparing mean values of cultivars

inoculated with different V. dahliae isolates (Table 2)
show that Pima S-7 (resistant) and Acala Prema
(resistant) had the highest mean values for each indi-
vidual trait, while average mean value for Acala 44
(susceptible) was significantly lower than the other cul-
tivars for all factors except the leaf–stem ratio. Mean
values for M-315 were always in between those of
Acala Prema and Acala 44. Mean values of Pima S-7
and Acala Prema for leaf weight and total shoot
weight, and mean leaf–stem ratio of M-315 and Acala
44 were very close to each other and not significantly
different, while in other traits all cultivars had different
response to isolates. Mean difference was the greatest
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in total shoot weight; Pima S-7 was 19.29 g vs. 9.82 g
for Acala 44.

In the analysis of V. dahliae isolates over cotton cul-
tivars for the traits measured (Table 3), V76 was signi-
ficantly different from the other isolates in terms of
disease symptoms and damage to the plants. Of six
traits, only number of nodes did not show any signifi-

cant difference among isolates. The difference between
the most virulent and least virulent isolates ranged
from 12.87 g to 16.38 g in total shoot weight.

There were very strong and significant correlations
as the 0.0001 probability level exist among traits over
all isolates and cultivars. Based on all analyses, Pima
S-7 (resistant) and Acala 44 (susceptible) were chosen
as parents to develop an F2 population for molecular
studies and V76 was chosen as the V. dahliae isolate
for disease screening.

Gossypium hirsutum cv Acala 44 is an Upland cotton
cultivar, which is highly susceptible to V. dahliae. It is
severely stunted and wilted by non-defoliating strains
and is almost completely defoliated by defoliating
strains. Gossypium barbadense cv. Pima S-7 is lower
yielding cotton with high fibre quality, interspecifically
compatible to G. hirsutum, and resistant to the Verti-
cillium wilt pathogen. It exhibits transient minor symp-
toms with non-defoliating strains and only partial
defoliation and some stunting with defoliating strains.

F2 population analysis

Analysis of the F2 population indicated that Verticil-
lium wilt resistance is a quantitative trait with normal
distribution for all traits (Fig. 1). Transgressive segre-
gation towards increased resistance was observed.
Curves were shifted towards resistance indicating a
dominant component for resistance is present. Because
of the effect of the most virulent isolate V76 on num-
ber of healthy leaves, leaf weight and leaf–stem ratio,
minimum values measured were zero. The widest range
of variation was observed in total shoot weight.
Broad-sense heritability ranged from 0.58 to 0.88 for
traits measured (Table 4).

Conclusion
To identify and select cotton cultivars and V. dahliae
isolates for developing a segregating population for
molecular analysis, four cultivars (Pima S-7, Acala
Prema, M-315 and Acala 44) and four V. dahliae iso-
lates (V44, PH, TS-2, V76) were screened for disease
resistance. Traits chosen for the study are direct meas-
urements of different phenological characteristics of
cotton, and have a relationship with resistance and
susceptibility to the pathogen. A relatively higher num-
ber of healthy leaves, main stem nodes, leaf weight, or
stem weight indicate resistance. Leaf to stem ratio and
total shoot weight are calculated from direct measure-

Table 1
Analysis of variance of four cotton cultivars for traits associated
with resistance to Verticillium wilt

Source d.f. SS MS F-value P > F

(a) Number of healthy leaves
Replication 2 1.43 0.72 0.29 ns
Cultivar 3 260.39 86.80 34.79**** <0.0001
Isolate 3 165.17 55.06 22.07**** <0.0001
C*I 9 67.22 7.47 2.99** 0.0029
Error 126 314.35 2.49
Corrected total 143 808.56

(b) Number of nodes
Replication 2 2.54 1.27 0.67 ns
Cultivar 3 135.33 45.11 23.63** <0.0001
Isolate 3 6.83 2.28 1.19 ns
C*I 9 25.72 2.86 1.50 ns
Error 126 240.57 1.91
Corrected total 143 411.00

(c) Leaf weight
Replication 2 29.91 14.95 1.54 ns
Cultivar 3 700.97 233.66 24.01**** <0.0001
Isolate 3 293.88 97.96 10.07**** <0.0001
C*I 9 204.38 22.71 2.33* 0.0182
Error 126 1126.11 9.73
Corrected total 143 2455.25

(d) Stem weight
Replication 2 28.79 14.40 2.59 ns
Cultivar 3 340.59 113.53 20.45**** <0.0001
Isolate 3 32.37 10.79 1.94 ns
C*I 9 92.64 10.29 1.85 ns
Error 126 699.66 5.55
Corrected total 143 1194.05

(e) Leaf–stem ratio
Replication 2 0.14 0.07 0.85 ns
Cultivar 3 3.67 1.22 14.9**** <0.0001
Isolate 3 5.17 1.72 20.98**** <0.0001
C*I 9 4.23 0.47 5.73**** <0.0001
Error 126 10.34 0.08
Corrected total 143 23.54

(f) Total shoot weight
Replication 2 113.26 56.63 2.10 ns
Cultivar 3 1936.25 645.42 23.94**** <0.0001
Isolate 3 478.21 159.40 5.91** 0.0018
C*I 9 435.20 48.36 1.79 ns
Error 126 3397.43 26.96
Corrected total 143 6360.34

*0.05, **0.01 and ****0.0001 significant at probability levels.

Table 2
Mean values of four cotton culti-
vars following inoculation with
four V. dahliae isolates for traits
associated with resistance to
Verticillium wilt

Cultivar N
Number of
H. leaves

Number of
nodes

Leaf
weight (g)

Stem
weight (g)

Leaf–stem
(ratio)

Total shoot
weight (g)

Pima S-7 36 6.31a 11.36a 9.41a 9.88a 0.94b 19.29a
Acala Prema 36 5.44b 10.53b 9.58a 8.63b 1.10a 18.21a
M-315 36 4.81b 10.42b 7.06b 8.54b 0.77c 15.59b
Acala 44 36 2.67c 8.69c 4.14c 5.68c 0.68c 9.82c
Mean 4.81 10.25 7.55 8.18 0.88 15.73
CV% 17.00 10.36 28.40 24.96 17.13 25.69

Mean values with the same letter within a column are not significantly different at the 0.05 probability
level by LSD.
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ments of leaf and stem weight. A high ratio and high
total shoot weight indicate resistance. Comparison of
mean values for traits measured showed that signifi-
cant differences exist among cotton cultivars and iso-
lates. The differences were greatest between Pima S-7
and Acala 44. In addition, V76 was more virulent than
the other isolates in terms of disease severity. It was
chosen as an isolate to screen the F2 population
because it yielded significant differences between resist-
ant and susceptible cultivars.

Leaf weight and total shoot weight of Pima S-7 and
Acala Prema were not significantly different, indicating
similar resistance level to wilt. Acala Prema is reported
as resistant to Verticillium wilt (Bell, 1992). M-315 is
resistant to Fusarium wilt but only tolerant to Verticil-
lium wilt. Number of nodes over cultivars had no sig-
nificant differences in V76 infected plants. This may be
the result of damage being manifested less in nodes

than the leaves which show symptoms and drop off
from the main stem when their vascular system is
plugged.
Breeding efforts to introgress G. barbadense resist-

ance into Upland cotton indicate that resistance is
multigenic and additive (Wilhelm, 1981). Resistance
was reported as incomplete and variably expressed
(Bell and Presley, 1969), and heterozygous in some cul-
tivars and lines (Barrow, 1970a). Different levels of
resistance to the P-1 strain of V. dahliae are best dis-
tinguished at a mean temperature of 27�C (Bell and
Presley, 1969), and to the P-2 strain at a mean tem-
perature of 22.5�C (Barrow, 1970b). Because of the
temperature effects, a plant with a moderate level of
resistance to the P-1 strain could be classified as highly
resistant at 29�C but susceptible at 25�C. This prob-
ably explains why different investigators have conclu-
ded, variously, that resistance is dominant, recessive or
additive (Bell, 1992). Most studies indicate that resist-
ance in cultivars of G. hirsutum is multigenic and can
be explained by pooled additive and dominant effects
(Devey and Roose, 1987). Barnes and Staten (1961)
found that transgressive segregation towards either
resistance or susceptibility may occur, and that resist-
ance appears to be quantitative. The high level of
resistance in G. barbadense is probably the result of
two or more genes. When highly susceptible cultivars
of G. hirsutum are crossed with G. barbadense, resist-
ance is incompletely dominant in F1 hybrids, and seg-
regation in the F2 and F3 progeny is not distinct,
indicating multiple genes and quantitative inheritance
(Bell and Presley, 1969; Wilhelm et al., 1974).
As Pima S-7 and Acala 44 had significant differences

in resistance to V. dahliae, an interspecific cross was
made to develop an F2 population. Distribution of F2

Table 3
Mean values of four V. dahliae
isolates over four cotton cultivars
for traits associated with resist-
ance to the pathogen

Cultivar N
Number of
H. leaves

Number of
nodes

Leaf
weight (g)

Stem
weight (g)

Leaf–stem
(ratio)

Total shoot
weight (g)

V44 36 5.06a 10.28a 7.96a 8.33ab 0.93a 16.38a
PH 36 5.75a 10.53a 9.00a 8.89a 1.02a 17.89a
TS-2 36 5.42a 10.28a 8.06a 7.81ab 1.00a 15.77a
V76 36 3.00b 9.92a 5.17b 7.69b 0.55b 12.87b
Mean 4.81 10.25 7.55 8.18 0.88 15.73
CV% 25.67 11.56 34.27 28.60 22.81 30.79

Mean values with the same letter within a column are not significantly different at the 0.05 probability
level by LSD.
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Fig. 1 Frequency distribution of total shoot weight associated with
response to Verticillium wilt in the F2 population three weeks after
inoculation. Average values for resistant (R) and susceptible (S) par-
ents are indicated by black arrows while white arrow used to indicate
F2 mean

Table 4
Number of genes controlling Vert-
icillium wilt resistance, broad-
sense heritability and significance
of additive effect in the F2 popula-
tion

Number of
H. leaves

Number of
nodes

Leaf
weight

Stem
weight

Leaf–stem
ratio

Total shoot
weight

Mean PR(n ¼ 7) 7.71 12.71 13.56 7.10 1.91 20.66
Mean PS(n ¼ 7) 2.43 9.00 2.10 3.57 0.61 5.67
VarPR 0.49 0.49 4.70 0.57 0.06 7.30
VarPS 1.96 0.29 2.64 0.39 0.19 3.03
VarF2 3.55 3.23 13.91 2.72 0.30 25.94
VarE 1.22 0.39 3.67 0.48 0.13 5.17
VarG 2.33 2.85 10.24 2.24 0.17 20.77
H2 0.66 0.88 0.74 0.82 0.58 0.80

VarE, VarPR + VarPS)/2]; VarG, (VarP(F2))VarE); H2, (VarG/VarP); D, (MeanPR)MeanPS) in F2;
VarG, genotypic variance; VarE, environmental variance; PR, resistant parent; PS, susceptible parent;
VarP(F2), phenotypic variance in the F2; H

2, broad sense heritability; VarP, phenotypic variance.
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phenotypes indicates that Verticillium wilt resistance is
a quantitative trait with some degree of dominance
from the resistant parent. Transgressive segregation
also was observed.

These results agree with the earlier studies which
indicated Verticillium wilt resistance is a quantitative
trait controlled by at least two major genes and some
minor genes for two mostly used cotton cultivars
(Pima S-7 and Acala 44) in gene mapping studies.
Results obtained in this study are useful to determine
levels of resistance and susceptibility in cotton cultivars
and virulence of V. dahliae isolates. The parameters,
the number of healthy leaves and total shoot weight,
are useful to quantify resistance for genetic studies,
e.g. developing genetic mapping population in cotton
breeding programmes.
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